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Abstract 
Diabetes is a significant global metabolic disease. Current treatments, including 
islet or pancreas transplantation and insulin therapy, are limited by donor shortages 
and suboptimal glycemic control. Islet organoids, three-dimensional (3D) cell 
aggregates that mimic pancreatic islets, offer a powerful tool for diabetes research, 
drug screening, and transplantation therapies. However, challenges remain in 
engineering methods for the scalable preparation of human islet organoids 
(hIOs) with homogeneous consistency and controllable incorporation of vascular 
elements. In this study, we developed a novel bioengineering approach for the 
stable production of human islet tissue models with vascular elements using a 
combination of 3D bioprinting-based organoid co-culture and cell self-assembly 
principles. Human adipose-derived mesenchymal stem cells were differentiated 
into massive and uniform human islet β-like cell aggregates (hICAs) using an off-
the-shelf polydimethylsiloxane user-defined micropatterning platform system. A 
tri-module thermal-controlled bioprinting process employing a gelatin–alginate–
Matrigel bioink was used for the 3D bioprinting of hICAs and human umbilical vein 
endothelial cells (HUVECs). Compared with bioprinted hICAs alone, co-bioprinted and 
co-cultured hICAs and HUVECs more effectively recapitulated the morphogenesis 
of human islet development, significantly upregulated the expression of pancreatic 
islet- and endothelial cell-related markers, and enhanced islet function, namely 
glucose-stimulated insulin secretion. Thus, the self-assembly of hICAs and HUVECs 
to form hIOs with vascular elements mimics natural human pancreatic islets and 
may promote functional maturity. Our method provides a scalable platform for 
generating vascularized aggregation-based tissue models, supporting studies of 
pancreatic development and diabetes therapy.

Keywords: Bioprinting; Human adipose-derived mesenchymal stem cells; Human 
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1. Introduction
Diabetes is a global health crisis that affects approximately 
540 million adults worldwide, posing significant 
socioeconomic challenges.1 Current treatments, such as 
insulin (INS) therapy and islet or pancreas transplantation, 
offer varying degrees of success but have limitations, 
including a shortage of donor tissues, the risk of immune 
rejection, and suboptimal glycemic control.2 Recently, 
human islet organoids (hIOs) have emerged as an alternative 
to address these challenges. Islet organoids are three-
dimensional (3D) cell aggregates that closely resemble 
pancreatic islets, consisting of INS-producing β-cells and 
stromal cell types.3 Their advantages include the capacity 
to model islet development and function in vitro, as well 
as reduced dependence on donor islets for transplantation, 
making them highly promising for diabetes research, drug 
screening, and transplantation therapies.3,4 

Generating hIOs from embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs) has shown great 
promise in mimicking pancreatic islet functions. However, 
several limitations hinder their large-scale application.5,6 
ESCs raise ethical concerns since they are derived from 
human embryos, which creates regulatory challenges. 
Additionally, both ESCs and iPSCs require complex 
differentiation protocols, which are prone to variability, 
leading to inconsistent phenotypes and functions, as well as 
the risk of tumorigenicity due to residual undifferentiated 
cells. Moreover, the production scale is limited due to the 
costly, labor-intensive, and time-consuming nature of 
these differentiation processes, making it challenging to 
meet research and clinical demands.7 In contrast, human 
adipose-derived mesenchymal stem cells (hADSCs) offer 
a compelling alternative. hADSCs are mesenchymal stem 
cells derived from adipose tissue. They are abundant, 
exhibit low immunogenicity, and possess the potential 
for mesenchymal lineage differentiation, with significant 
implications for regenerative medicine.8 Previous studies 
have shown that hADSCs can differentiate into INS-
producing β-like cells under planar culture conditions, 
positioning them as a viable candidate for producing 
functional hIOs on a larger scale.9,10 

The production of human islet tissue models is 
constrained not only by the cell source but also by the need 
to create a complex microenvironment that allows adequate 
mass transfer. Bioprinting has emerged as a promising 
technique for creating 3D microenvironments in which 
extracellular matrix-mimicking hydrogels and cellular 
components, such as cells, cell aggregates, and organoids, 
can be spatially positioned.11,12 Previous studies have 
demonstrated that 3D bioprinting effectively supports cell-
aggregate integrity, spatial organization, and the functional 

maturation of islets derived from various cell sources, 
including primary human islets13 and ESC-derived14 and 
iPSC-derived15 islet-like cell aggregates. While these 
studies enhanced matrix complexity through bioprinting, 
they typically focused on a single cell type, namely 
β-cells, and thus lacked the multicellular characteristics of 
actual islet tissues. This is particularly important because 
islet tissues are highly vascularized. Recent research 
has highlighted the importance of endothelial-derived 
signals in enhancing the viability and function of insulin-
producing cells in bioprinted co-culture models.16,17 
However, due to the technical challenges associated with 
bioprinting multiple cell types and cell aggregates, current 
co-bioprinting methods are still limited to single-cell-
based formats and have not yet succeeded in the scalable 
preparation of functional human islet tissue models that 
incorporate vascular elements in a controlled manner. 

In this study, we propose a systematic solution 
that involves the stepwise preparation of large-scale, 
uniform cell aggregates and the precise regulation of cell-
printing technology to create human islet tissue models 
featuring multicellular crosstalk and islet functionality 
similar to that of natural islets. To enable large-scale 
generation of uniform cell aggregates, we developed 
an off-the-shelf polydimethylsiloxane (PDMS) user-
defined micropatterning platform (PUMP). This system 
incorporates micro-engineered microwells shaped like 
inverted pyramids, which possess favorable mechanical 
properties. Upon differentiation of hADSCs, the PUMP 
system successfully generated large numbers of human 
islet β-like cell aggregates (hICAs). The hICAs formed 
in the PUMP system displayed a more uniform size 
distribution, enhanced expression of pancreatic islet 
marker genes, and reduced expression of stemness marker 
genes compared to those generated by planar culture and 
the AggreWell plate, a commonly used commercial cell-
aggregation platform. 

To incorporate vascular elements, we propose a tri-
module thermally controlled bioprinting method utilizing 
an optimized ternary gelatin–alginate–Matrigel bioink. 
This method enables the bioprinting of hICAs alongside 
human umbilical vein endothelial cells (HUVECs) into 
co-culture tissue models. After 5 days of culture following 
bioprinting, HUVECs migrated and enveloped the surface 
of the hICAs, forming an endothelial layer and resulting 
in hIOs that included vascular elements, indicating self-
assembly and multicellular crosstalk. In comparison to the 
bioprinted hICAs alone, the co-cultured hIOs exhibited 
significantly increased expression of islet-marker genes 
and enhanced islet functionality, including adequate 
glucose-stimulated INS secretion (GSIS) (Figure 1). This 
study presents a novel approach for generating large-scale 
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human islet models that facilitate vascular integration 
and enhanced tissue function, thereby advancing diabetes 
research and paving the way for engineered therapeutic 
islet transplants.

2. Materials and methods
2.1. Solution preparation
Human adipose-derived stem cell–islet β-cell 
differentiation medium, sodium alginate working solution, 
and gelatin working solution were prepared as follows:

	 (i)	 hADSC–islet β-cell differentiation medium: The 
medium was optimized based on the protocol by 
Dave et al.10 Briefly, the differentiation medium 

consisted of Dulbecco’s Modified Eagle Medium 
(DMEM; Gibco, USA) and DMEM/F-12 medium 
(Gibco, USA) mixed at 1:1 (v/v) ratio, supplemented 
with 2% B-27 supplement (Gibco, USA), 1% N-2 
supplement (Gibco, USA), 10 mM nicotinamide 
(Sigma-Aldrich, USA), 2 nM human activin A (R&D 
Systems, USA), 10 nM exendin-4 (Sigma-Aldrich, 
USA), 10 nM pentagastrin (Sigma-Aldrich, USA), 
100 pM human hepatocyte growth factor (R&D 
Systems, USA), and 1% penicillin–streptomycin 
(Solarbio, China).

		  Sodium alginate working solution (4% [w/v]): 
Sodium alginate powder (Sigma-Aldrich, USA) was 
dissolved in the 0.9% sodium chloride (NaCl; Sigma-

Figure 1. Schematic diagram of the study. Abbreviations: hADSC, human adipose-derived stem cell; hICA, human islet β-like cell aggregate; hIO, human 
islet organoid; HUVEC, human umbilical vein endothelial cells; PUMP, polydimethylsiloxane user-defined micropatterning platform. 
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Aldrich, USA)  solution. The solution was heated 
at 80°C for 3 h, followed by stirring at 750 rpm for 
1 h at 37°C on a magnetic stirrer (MS-H340-S4, 
DLAB, China). The heating and stirring process 
was repeated three times, with the final stirring 
conducted overnight. The solution was then filtered 
through 0.45 μm filter membranes to yield a 4% 
sodium alginate working solution and stored at 4°C.

	(ii)	 Gelatin working solution (15% [w/v]): Gelatin 
powder (Sigma-Aldrich, USA) was dissolved in the 
0.9% NaCl solution. The solution was heated at 80°C 
for 3 h, followed by stirring at 750 rpm for 1 h at 
37°C on a magnetic stirrer. The heating and stirring 
process was repeated three times. Then, the 15% 
gelatin working solution was stored at 4°C.

2.2. Polydimethylsiloxane user-defined 
micropatterning platform production 
and characterization
A silicon wafer was constructed with an inverted 
tetrahedron micropattern array as the original mold by 
wet-chemical etching. Polymethylmethacrylate (PMMA) 
hot pressing was performed on the silicon wafer using a hot 
press machine (WY-30T, Dongguan Weiying Machinery, 
China). PMMA was preheated at 150°C for 3 min, press-
heated at 150°C and 500 psi for 10 min, and annealed 
while maintaining pressure. Different combinations of 
pressure (e.g., 300, 500, and 700 psi) and temperature (e.g., 
100, 125, 150, and 175°C) were tested to determine the 
optimal parameters. The PMMA template was demolded 
mechanically from the silicon wafer. PDMS (DOWSIL, 
USA) was prepared by mixing the base component with 
the curing agent at a 10:1 (w/w) ratio. PDMS was cured 
on the PMMA template at 70°C for 80 min, forming the 
corresponding micropattern. Different curing times (e.g., 
40, 60, 80, and 100 min) and temperatures (e.g., 60, 70, and 
80°C) were tested to identify the optimal conditions. The 
PDMS micropatterns were then cut into circular inserts 
with a diameter of 1.5 mm and fitted into 24-well plates to 
form the PUMP system. The PUMP was sterilized before 
cell culture.

The stiffness of the PDMS was measured using uniaxial 
compression on a disk-shaped sample (1.3 mm thickness, 
6 mm radius) prepared with the same composition 
as the PUMP, while a polystyrene sample served as a 
control, representing the AggreWell plate (STEMCELL 
Technologies, Canada). 

The silicon wafer, PMMA stamp, and PDMS insert were 
coated with gold to enhance their electrical conductivity. 
Samples were imaged using a field emission scanning 
electron microscope (FE-SEM; JEOL JSM-7001, JEOL, 

Japan) with an accelerating voltage of 20.0 kV. The surface 
microstructure of the PDMS inserts was observed using a 
LEXT OLS4100 3D laser measuring microscope (Olympus, 
Japan), and microwell depth was measured.

2.3. Cell culture and differentiation on petri dishes, 
AggreWell plates, and polydimethylsiloxane user-
defined micropatterning platform.
Human adipose-derived stem cell proliferation was 
performed by culturing hADSCs (Sciencell, USA) in 
mesenchymal stem cell medium (Sciencell, USA) in T75 
culture flasks coated with 0.01 mg/mL poly-L-lysine 
solution (Sigma-Aldrich, USA) at 37°C in a humidified 
incubator with 5% CO2. The medium was changed every 2 
days. After the cells reached 90% confluence, the cells were 
digested using 0.25% trypsin-ethylenediaminetetraacetic 
acid (EDTA) (Gibco, USA) and passaged at a 1:3 ratio. 
In this study, hADSCs at passage four were used for 
subsequent experiments.

HUVEC proliferation was performed by culturing 
HUVECs (Peking Union Cell Resource Center, China) in 
endothelial basal medium-2 (EBM-2; LONZA, Switzerland) 
in T75 culture flasks at 37°C in a humidified incubator 
with 5% CO2. The medium was changed daily. After the 
cells reached 90% confluence, the cells were digested using 
0.25% trypsin-EDTA and passaged at a 1:2 ratio. HUVECs 
at passage four were used for subsequent experiments.

Differentiation of hICAs from hADSCs on petri dishes 
was performed by culturing hADSCs in hADSC–islet β-cell 
differentiation medium at a density of 1×105 cells/cm2 for 5 
days. The medium was changed every 2 days. PUMP inserts 
were coated with 1% Pluronic F127 (Sigma-Aldrich, USA), 
centrifuged at 3000 rpm for 5 min, and treated for 1 h. Then, 
hADSCs were seeded on treated PUMP inserts at densities 
of 0.8×105, 2.1×105, and 4.2×105 cells/cm2 (equivalent to 
200, 500, and 1000 cells per microwell, respectively) and 
centrifuged at 850 rpm for 3 min. Cells were cultured in 
hADSC–islet β-cell differentiation medium for 5 days, 
with half-medium changes every 2 days. 

A parallel experiment was conducted on AggreWell 
plates using the same process. Cell densities were 1.2×105, 
3.0×105, and 6.0×105 cells/cm2, equivalent to 200, 500, and 
1000 cells per microwell, respectively. The morphology and 
size of hICAs were monitored during the differentiation 
process. hICAs seeded at 4×105 cells/cm2 on day 5 were 
collected for subsequent experiments.

All cells were observed and imaged using an optical 
microscope (Nikon, Japan). Image analysis was performed 
using ImageJ Pro 6.0 (National Institute of Health, USA).
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2.4. Rheological testing of the bioinks
The bioinks were prepared by mixing gelatin working 
solution, sodium alginate working solution, Matrigel 
(Corning, USA), and DMEM to obtain a final concentration 
of 3.75% gelatin, 1% alginate, and 0.23% Matrigel, unless 
otherwise specified. The rheological properties were 
measured using a rotational rheometer (Anton Paar, 
Austria) with a cone-plate measuring sensor (diameter = 
25 mm; cone angle = 1.99°; section = 99 μm). In oscillatory 
mode, the storage modules (G’) and loss modulus (G”) 
of uncrosslinked bioinks were recorded as functions of 
temperature at a strain of 0.1% and a frequency of 1 Hz. 
The temperature varied between 4 and 37°C at a rate of 
2°C/min to replicate the heating and cooling process. 

To further evaluate the rheological properties of 
crosslinked bioinks, the bioinks were crosslinked with 300 
mM calcium chloride (CaCl2; Sigma-Aldrich, USA) for 3 
min, and the G’ and G” were measured at a strain of 0.1% 
and a frequency of 1 Hz at 8, 15, and 22°C. In viscosity 
curve mode, the viscosity of uncrosslinked bioinks was 
measured over a shear rate scan range of 0.1–1000/s to 
assess shear-thinning properties. 

2.5. Scanning electron microscopy of 
crosslinked bioinks
The crosslinked bioinks were lyophilized using a vacuum 
lyophilizer (Beijing Songyuanhuaxing Technology 
Development, China) for 3 days to maintain the 
microstructure, and then coated with gold to enhance their 
electrical conductivity. The samples were imaged using a 
FE-SEM operated at an accelerating voltage of 20.0 kV.

2.6. Three-dimensional bioprinting
For the 3D bioprinting of hICAs, the following procedure 
was performed. hICAs at day 5 in PUMP were harvested, 
centrifuged at 500 rpm for 1 min to collect aggregates, and 
resuspended in hADSC–islet β-cell differentiation medium 
at 6000 aggregates/mL (equivalent to 6×106 cells/mL). The 
hICA suspension was first mixed with the sodium alginate 
working solution at room temperature. The mixture was 
then combined with Matrigel on ice and incubated at 
37°C for 5 min. Subsequently, the hICA–alginate–Matrigel 
mixture was mixed with the gelatin working solution 
to achieve a final bioink containing 3.75% gelatin, 1% 
alginate, and 0.23% Matrigel, with a cell aggregate density 
of 1200 aggregates/mL (equivalent to 1.2×106 cells/mL). 

The hICA-laden bioink was printed using a 3D 
bioprinter (Regenovo Biotechnology Co., Ltd., China) with 
25G needles (250 μm) onto 35-mm petri dishes precoated 
with 0.00125% poly-L-lysine under tri-module or dual-
module thermal control. In tri-module bioprinting, the 
chamber was set to 8, 15, or 22°C, the printing nozzle 

was set to 1°C lower than the chamber, and the cooling 
plate was set to 12°C. Dual-module bioprinting used the 
same chamber and cooling plate temperature settings 
without nozzle temperature control. The printed six-layer 
structures were immediately crosslinked by adding 300 
mM CaCl2 for 3 min. The printed structures were cultured 
in hADSC–islet β-cell differentiation medium for 5 days, 
with the medium changed every 2 days.

For the 3D bioprinting of hICAs and HUVECs, the 
following steps were performed. HUVECs were harvested 
and resuspended at 4×106 cells/mL in EBM-2 medium. 
hICAs were harvested and centrifuged as described above, 
then resuspended at 12,000 aggregates/mL (equivalent 
to 1.2×107 cells/mL) in Hadsc–islet β-cell differentiation 
medium. After harvesting the hICAs from PUMP, several 
hICAs were picked and digested into single cells with 
0.25% trypsin–EDTA to determine cell numbers. The 
hICA suspension and HUVEC suspension were then 
mixed at a 1:1 ratio to prepare the final cell suspension. 
The cell-laden bioink was prepared using the same method 
described above, with a final islet-like cell density of 
1.2×106 cells/mL and HUVEC density of 4×105 cells/mL. 
The bioink was printed at 15°C using the same bioprinting 
method. The printed structures were cultured in a mixed 
medium composed of hADSC–islet β-cell differentiation 
medium and EBM-2 culture medium (1:1) for 5 days, with 
the medium changed every 2 days.

2.7. Live/dead staining
The live/dead staining solution contained 0.2% calcein–
acetoxymethyl ester (Calcein-AM) and 0.3% propidium 
iodide (PI) (C542, Calcein-AM/PI Double Staining Kit, 
Donjindo, Japan) in phosphate-buffered saline (PBS). The 
cell-laden structures after bioprinting were incubated in 
the live/dead staining solution at room temperature for 
10 min, followed by incubation in PBS for 10 min. The 
stained structures were then imaged using a confocal 
microscope (Nikon, Japan). As it was difficult to quantify 
cell numbers in aggregates, cell viability was evaluated by 
calculating the ratio of dead to live cell signal intensity 
from three different regions of the structures using the 
same imaging parameters.

2.8. Immunofluorescence staining
Immunofluorescence staining was performed on cells from 
planar differentiation, AggreWell plate differentiation, 
PUMP differentiation, and bioprinted structures on day 
5. Primary antibodies included anti-PDX1 antibody 
(1:500; ab47383, Abcam, UK), anti-PAX6 antibody (1:50; 
ab5790, Abcam, UK), anti-Islet 1 (ISL1) antibody (1:200; 
ab86472, Abcam, UK), anti-INS antibody (1:50; ab7842, 
Abcam, UK), and anti-CD31 antibody (1:200; ab32457, 
Abcam, UK). The corresponding secondary antibodies 
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were used at a dilution of 1:1000, including donkey anti-
goat IgG (ab150131, Abcam, UK), goat anti-mouse IgG 
(ab150077, Abcam, UK), goat anti-mouse IgG (ab150115, 
Abcam, UK), goat anti-guinea pig IgG (ab150185, Abcam, 
UK), and donkey anti-rabbit IgG (ab150073, Abcam, UK). 
Nuclei were stained with 4’,6-diamidino-2-phenylindole (1 
μg/mL; Invitrogen, USA).

The staining procedure was as follows: samples were 
washed with PBS for 5 min. Then, samples were fixed with 
4% paraformaldehyde at 25°C for 30 min, or with 2.5% 
glutaraldehyde for 4 h if the cells were embedded in the 
printed structure, followed by washing with PBS for 5 min. 
Samples were permeabilized with 0.25% Triton X-100 
(Sigma-Aldrich, USA) for 20 min, and washed with PBS 
for 5 min. Samples were then blocked with 10% bovine 
serum albumin (BSA; Multicell, USA) at 25°C for 1 h, and 
washed with PBS for 5 min. Subsequently, the samples 
were incubated with primary antibodies prepared in 0.3% 
Triton X-100 and 1% BSA overnight at 4°C, and washed 
with PBS for 5 min. Then, the samples were incubated with 
the corresponding secondary antibodies for 2 h in the dark 
and washed with PBS for 5 min. Finally, the samples were 
stained with 1 μg/mL of 4’,6-diamidino-2-phenylindole 
at room temperature for 15 min in the dark, and washed 
with PBS for 5 min before imaging using a NIKON Z2 
confocal microscope. ImageJ software was used for image 
processing and quantitative analysis.

2.9. Real-time fluorescence quantitative reverse 
transcriptase polymerase chain reaction
Quantitative reverse transcriptase polymerase chain 
reaction assay was performed on cells from planar 
differentiation, AggreWell plate differentiation, PUMP 
differentiation, and bioprinted structures on day 5. 
Samples were washed with PBS for 5 min. Cells in the 
bioprinted structures were harvested by degrading the 
construct using a hydration solution (150 mM NaCl, 55 
mM sodium citrate, and 20 mM EDTA) for 3 min, followed 
by termination with culture medium. The cells were lysed 
using TRIzol (Ambion, USA). For every 1 mL of TRIzol, 
0.2 mL trichloromethane was added, the samples were 
thoroughly mixed, and incubated at room temperature 
for 10 min. The samples were centrifuged at 13,500 rpm 
at 4°C for 15 min. The upper aqueous phase was collected 
and mixed with an equal volume of isopropyl alcohol. 
The mixture was incubated on ice for 10 min. Then, the 
samples were centrifuged at 13,500 rpm at 4°C for 8 min, 
and the supernatant was removed. The RNA pellet was 
washed with 75% ethanol prepared in RNase-free double-
distilled water. 

Subsequently, the samples were centrifuged at 10,600 
rpm at 4°C for 5 min, and the supernatant was removed. 

RNase-free double-distilled water was added to dissolve 
the RNA on ice. RNA concentration was measured using 
a NanoDrop 2000 spectrophotometer (Thermo Scientific, 
USA). Based on the RNA concentration and according to 
the manufacturer’s instructions for the FastKing RT Kit 
(with gDNase) (TIANGEN Biotech, China), RNA reverse 
transcription was performed using a thermal cycler (T960, 
Heal Force, China). cDNA amplification was performed 
according to the manufacturer’s instructions for the 
SuperReal PreMix Plus (SYBR Green) kit (TIANGEN 
Biotech, China). A real-time fluorescence quantitative 
polymerase chain reaction system (CFX96, Bio-Rad, USA) 
was used for signal detection. The primer sequences are 
listed in Table 1.

2.10. Glucose-stimulated insulin secretion assay
The INS secretion function of hICAs was assessed using 
a GSIS assay. Bioprinted structures were degraded using 
a hydration solution, and cell aggregates were harvested. 
The cell aggregates, hICAs or hIOs, were washed 
with PBS at least once, and then incubated in Krebs–
Ringer bicarbonate buffer without glucose (10 mM 
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, 25 
mM sodium bicarbonate, 120 mM NaCl, 5 mM potassium 
chloride, 2.5 mM CaCl2, 1.1 mM magnesium chloride, and 
0.1% BSA) for 6 h. Cell aggregates were then incubated 
with Krebs–Ringer bicarbonate buffer containing 2.8 mM 
glucose for 1 h, followed by incubation with 16.7 mM 
glucose for 1 h. The supernatants from these two stages 
were collected separately. INS concentration was measured 
using a human INS enzyme-linked immunosorbent 
assay kit (SEKH-0219, Solarbio, China) according to the 
manufacturer’s instructions. The ratio of INS content 
secreted at 16.7 mM glucose to that at 2.8 mM glucose was 
defined as the glucose stimulation index. 

2.11. Statistical analysis
Data are presented as mean ± standard deviation or as range 
for quantitative analyses. The Statistical Package for Social 
Sciences version 24.0 (IBM, USA) was used to perform 
two-sided Student’s t-tests, one-way analysis of variance 
(ANOVA), and two-way ANOVA with Bonferroni’s 
multiple comparison test. A p-value < 0.05 was considered 
statistically significant. 

3. Results and discussion 
3.1. Fabrication and characterization of the 
polydimethylsiloxane user-defined micropatterning 
platform system
Pancreatic islets are clusters of cells that function more 
efficiently under 3D aggregation conditions. The formation 
of aggregates using micropatterning technology has become 
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a popular method due to its efficiency in producing large 
quantities of uniform cell aggregates.18 Previous studies 
have shown that the geometry of microwells significantly 
influences the morphology of these aggregates, with 
V-shaped microwells promoting the formation of 
more uniform and compact structures.19 Among the 
commercially available platforms, the AggreWell plate is 
a widely recognized V-shaped microwell array. However, 
it has several limitations, including fixed shapes, excessive 
substrate stiffness, high costs, and limited reusability. These 
challenges may hinder its versatility and reduce its appeal 
for diverse applications.

To address these challenges, we developed the PUMP 
system, which enables customization of microwell size, 
shape, and stiffness to meet various cell aggregation 
requirements. The PUMP fabrication process involved 
anisotropic wet etching of silicon wafers, hot pressing 
of PMMA, and curing and insertion of PDMS. This 
resulted in an inverted pyramid-shaped, V-angled PDMS 
micropatterning array (Figure 2A). 

The dimensions of the micropatterns on the silicon 
wafer were determined by the mask design and etching 
parameters. To ensure accurate reproduction of the 
micropatterns, we assessed the processing conditions 
for PMMA hot pressing (Figure 2B) and PDMS curing  
(Figure 2C) to identify the optimal parameter 
combinations, indicated by gray circles. Using a square 
mask pattern with a side length of 490 μm and a spacing of 

10 μm, we successfully produced densely packed V-shaped 
microwells with a side length of approximately 485 μm and 
a depth of about 352 μm, closely matching the intended 
geometry (Figure 2D & E). 

Scanning electron microscopy and laser confocal 
scanning confirmed that fine structural features were 
preserved at both the tips and bases of the micropatterns 
throughout the manufacturing process, with a final 
tip angle of 70° replicating that of the silicon template  
(Figure 2D). To facilitate cell seeding and culture, the 
PDMS micropatterns were punched into cylindrical inserts 
with diameters of 1.1, 1.5, 2.3, and 3.4 cm, which fit into 
48-well, 24-well, 12-well, and 6-well plates, resulting in 
approximately 400, 740, 1740, and 3810 micropatterns in 
each well, respectively. This method ensures reproducibility 
and versatility in the fabrication process, effectively 
preventing mold adhesion and topographic deformation, 
which are commonly associated with traditional PDMS 
casting techniques.20 

Unlike the AggreWell plate, the PUMP substrate 
is composed of PDMS, a biocompatible elastomeric 
material. To evaluate its mechanical compliance, we 
conducted uniaxial compression tests to measure the 
Young’s modulus of PDMS samples. In contrast to the 
rigid polystyrene substrate used in AggreWell plates, 
which has a Young’s modulus of approximately 2.6 GPa, 
the PDMS in the PUMP system exhibited a significantly 
lower stiffness of approximately 2.0 MPa (Figure 2F). This 

Table 1. Primer sequences of tested genes

Primer Forward sequence (5’–3’) Reverse sequence (3’–5’)

CD31 AAGTGGAGTCCAGCCGCATATC ATGGAGCAGGACAGGTTCAGTC

CD73 CTGATGATGGGCGGAAGGTT ATCAATGGGCGACCGGATAC

CDH5 GAAGCCTCTGATTGGCACAGTG TTTTGTGACTCGGAAGAACTGGC

HES1 GGAAATGACAGTGAAGCACCTCC GAAGCGGGTCACCTCGTTCATG

INS ACGAGGCTTCTTCTACACACCC TCCACAATGCCACGCTTCTGCA

ISL1 GCAGAGTGACATAGATCAGCCTG GCCTCAATAGGACTGGCTACCA

KDR GGAACCTCACTATCCGCAGAGT CCAAGTTCGTCTTTTCCTGGGC

NGN3 CCTAAGAGCGAGTTGGCACTGA AGTGCCGAGTTGAGGTTGTGCA

NKX6-1 CCTATTCGTTGGGGATGACAGAG TCTGTCTCCGAGTCCTGCTTCT

NOS3 GAAGGCGACAATCCTGTATGGC TGTTCGAGGGACACCACGTCAT

PDX1 GAAGTCTACCAAAGCTCACGCG GGAACTCCTTCTCCAGCTCTAG

SOX9 AGGAAGCTCGCGGACCAGTAC GGTGGTCCTTCTTGTGCTGCAC

VWF CCTTGAATCCCAGTGACCCTGA GGTTCCGAGATGTCCTCCACAT

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Abbreviations: CD31, platelet endothelial cell adhesion molecule 1 gene (PECAM1); CD73, 5’-nucleotidase Ecto gene (NT5E); CDH5, cadherin 5 gene; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase gene; HES1, Hes Family BHLH transcription factor 1 gene; INS, insulin gene; ISL1, islet 1 gene; 
KDR, kinase insert domain receptor gene; NGN3, neurogenin-3 gene; NKX6-1, NK6 homeobox 1 gene; NOS3, nitric oxide synthase 3 gene; PDX1, 
pancreatic and duodenal homeobox 1 gene; SOX9, SRY-box transcription factor 9 gene; VWF, von Willebrand factor gene.
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Figure 2. Fabrication and characterization of the PUMP system. (A) Schematic illustration of the fabrication process of the PUMP system. (B, C) 
Optimization of processing parameters for PMMA hot pressing (B) and PDMS curing (C), with grey circles indicating the optimized conditions used in 
subsequent experiments. (D) Macroscopic and scanning electron microscopy images of the silicon wafer, PMMA stamp, and PDMS micropattern (scale 
bar: 250 μm; magnification: 100×). (E) Quantitative analysis of PUMP microwell depth using a laser confocal scanning microscope. (F) Comparison of 
the Young’s modulus of PDMS and PS, representing the substrate materials of the PUMP and AggreWell plates, respectively. (G) Representative images of 
human adipose-derived mesenchymal stem cells seeded and cultured in PUMP with and without Pluronic F127 treatment (scale bar: 150 μm; magnification: 
100×). Statistical analysis was conducted using a two-sided Student’s t-test. Triple asterisk (***) indicates statistical significance at p < 0.001. Abbreviations: 
PDMS, polydimethylsiloxane; PMMA, polymethylmethacrylate; PUMP, polydimethylsiloxane user-defined micropatterning platform; PS, polystyrene.
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substantial reduction in stiffness, by nearly three orders 
of magnitude, may help minimize stress-induced cellular 
effects during culture.21

To assess cell clustering performance, we cultured 
hADSCs in the PUMP using a proliferative medium. With 
proper treatment using Pluronic F127, cell adhesion to 
the PUMP substrate was effectively prevented, allowing 
the rapid formation (within 24 h) of cell aggregates with 
smooth and well-defined contours. These aggregates can 
be easily harvested through gentle pipetting, leaving no 
detectable cell residues behind (Figure 2G). Additionally, 
the PUMP system demonstrated excellent reusability. A 
PMMA stamp can be reused for at least 50 fabrication 
cycles, while each PDMS insert can be reused four to five 
times without compromising cell aggregation efficiency or 
harvesting performance. This high durability highlights 
the economic advantages of the PUMP system for 
repeated applications.

In summary, the PUMP system provides a cost-
effective, reusable, and highly customizable platform 
with user-defined micropatterning geometries and 
significantly reduced stiffness compared to commercial 
micropatterning systems. Collectively, these attributes 
make it a versatile tool for a wide range of cell culture and 
aggregation applications.

3.2. Large-scale generation of human islet  
β-like cell aggregates 
hADSCs are a type of mesenchymal stem cell derived from 
human adipose tissue. Previous studies have shown that 
these cells exhibit strong proliferative capabilities and the 
potential to differentiate into various cell types, including 
islet-like cells.9,22 Due to their accessibility through 
procedures such as liposuction or surgical fat excision, 
hADSCs are considered a promising source for autologous 
tissue engineering and broad clinical applications.

To evaluate the differentiation capacity of hADSCs, 
we conducted planar differentiation to generate islet 
β-like cells following an established protocol.10 Over a 
5-day differentiation period, we observed the formation 
of compact cell clusters with irregular shapes and 
considerable size variability (Figure 3A). The differentiated 
hADSCs expressed islet-related marker proteins, including 
PDX1, PAX6, ISL1, and INS (Figure 3B). Furthermore, 
the expression levels of islet-related marker genes—PDX1, 
NGN3, ISL1, NKX6-1, and INS—were upregulated by 2.8-
fold, 6.1-fold, 7.3-fold, 1.8-fold, and 2.8-fold, respectively, 
with statistically significant differences compared to 
undifferentiated hADSCs (Figure 3C). These results confirm 
the ability of hADSCs to differentiate into a pancreatic islet 
β-cell lineage, consistent with previous studies.9,22

Additionally, we conducted islet β-cell differentiation 
of hADSCs within the PUMP system using the same 
differentiation cytokines as in planar culture, with 
AggreWell as a parallel control. To obtain cell aggregates 
of uniform and appropriate size, different cell seeding 
densities were tested, including 0.8×105, 2.1×105, and 
4.2×105 cells/cm2 (equivalent to 200, 500, and 1000 cells 
per microwell). From day 1, cells at all seeding densities 
rapidly formed tight clusters with smooth contours and 
showed no adhesion to the substrates in either system 
(Figure 4A). Throughout the 5-day culture period, both 
systems maintained relatively stable aggregate sizes, and 
no significant differences were observed in the aggregates 
formed from 500 and 1000 cells between the PUMP and 
AggreWell plates (Figure 4B & C). 

Moreover, the size of cell aggregates on day 5 
demonstrated a positive correlation with the initial cell 
seeding density. The cell aggregates had diameters of 92.8 ± 
10.5 μm, 114.8 ± 12.6 μm, and 132.8 ± 10.4 μm, at initial cell 
seeding densities of 200, 500, and 1000 cells per microwell, 
respectively (Figure 4B). The diameters of hICAs derived 
from the PUMP system with 1000 cells per microwell were 
mainly between 120 and 140 μm, closely resembling the 
average islet diameter in vivo (approximately 120 μm). Thus, 
we selected a seeding density of 1000 cells per microwell, 
achieving large-scale production of approximately 15,000 
hICAs per 24-well plate (Figure 4D). The size uniformity of 
the PUMP system is comparable to that of the AggreWell 
plates and is significantly improved compared with planar 
differentiation (Figure 4E). Furthermore, the aggregates 
in both the PUMP and AggreWell plates exhibited high 
viability (Figure 4F). 

The findings revealed that hICAs from PUMP expressed 
islet-related markers, including PDX1, PAX6, ISL1, and 
INS (Figure 4G). The expression of PDX1, NKX6-1, INS, 
and the hADSC-specific gene CD73 was quantitatively 
evaluated (Figure 4H). The expressions of PDX1, NKX6-1, 
and INS were upregulated by 1.22-fold, 1.23-fold, and 3.05-
fold, respectively, with statistical significance compared 
to planar culture. In contrast, the expression of CD73 
was downregulated to 0.83-fold. When compared with 
AggreWell plates, the expression of ISL1 and NKX6-1 was 
upregulated by 2.67-fold and 1.33-fold, respectively, with 
statistical significance. However, the expression of CD73 
was downregulated to 0.72-fold (Figure 4I). These results 
indicate that the PUMP system facilitated islet β-cell 
differentiation of hADSCs more effectively than planar 
culture. This may be due to the PUMP system establishing 
a physiology-related culture environment compared to 
planar differentiation, where limited cell–cell interactions 
lead to proliferation inhibition rather than complex 
interactions. In addition, the PUMP also exhibited better 
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Figure 3. Planar differentiation of hADSCs into islet β-like cells. (A) Phase-contrast microscopy images during the 5-day planar differentiation process 
(scale bar: 500 μm; magnification:40×). (B) Immunofluorescence images of the cells after 5 days of planar differentiation (scale bar: 200 μm; magnification: 
100×). (C) Relative gene expression of cells before (hADSCs) and after planar differentiation (2DD). Gene expression levels were normalized to hADSCs 
and are represented as 2−∆∆Ct (n = 3). Statistical analysis was conducted using a two-sided Student’s t-test. Single asterisk (*), double asterisk (**), and triple 
asterisk (***) indicate statistical significance at p < 0.05, p < 0.01, and p < 0.001, respectively. Abbreviations: 2DD, two-dimensional differentiation; hADSC, 
human adipose-derived mesenchymal stem cell; INS, insulin; ISL1, islet 1; NGN3, neurogenin-3; NKX6-1, NK6 homeobox 1; PAX6, paired box gene 6; 
PDX1, pancreatic and duodenal homeobox 1.

functionality in differentiating into the islet β-cell lineage 
compared with commercial AggreWell plates.

Taken together, these results demonstrate that the 
PUMP system can promote differentiation into hICAs 
more effectively compared with both planar differentiation 
and AggreWell plates. Although planar differentiation 
provides greater exposure of cells to soluble chemical 
factors, the uniform aggregate structure formed in the 
PUMP system may contribute to higher expression of islet-
related genes. The improvement in hICAs’ maturity from 
PUMP may be partially attributed to the lower stiffness of 
the culture environment. It has been reported that a high-

stiffness environment can reduce INS expression,23 and 
substrates with stiffness similar to that of the pancreas can 
help in vitro islet-like cells recapitulate the in vivo functions 
of islets.24 In all, hICAs can be harvested from PUMP with 
uniform sizes and enhanced differentiation at a large scale, 
thereby satisfying the requirements for 3D bioprinting and 
the fabrication of hIOs in subsequent applications. 

3.3. Optimization of tri-module bioprinting with 
ternary bioinks for aggregate bioprinting 
A 3D culture environment provides structural, physical, 
and chemical cues for encapsulated aggregates, which 
are crucial for further differentiation and maturation.25,26 
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Figure 4. Generation and biological characterization of hICAs in PUMP. (A) Phase-contrast microscopy images of aggregates cultured in PUMP and 
AggreWell plates with 200, 500, or 1000 cells per microwell (scale bar: 100 μM; magnification: 100×). (B) Aggregate size in PUMP or AggreWell plates with 
200, 500, and 1000 cells per microwell on day 5. (C) Changes in aggregate diameter during the 5-day differentiation in PUMP and AggreWell plates at 200, 
500, and 1000 cells per microwell. (D) Morphology of hICAs harvested from PUMP on day 5 (scale bar: 500 μM; magnification: 40×). (E) Size distribution 
of aggregates generated from PUMP, AggreWell plates, and planar differentiation (2DD). (F) Viability assay of aggregates with 1000 cells per microwell 
on day 5 (scale bar: 50 μM; magnification: 200×). (G) Immunofluorescence images of differentiated cells expressing islet-related markers (PDX1, PAX6, 
ISL1, and INS) in hICAs derived from PUMP (scale bar: 50 μM; magnification: 200×). (H) Relative gene expression of islet-related markers (PDX1, NKX6-
1, and INS) and the hADSC marker (CD73) in hICAs differentiated under planar culture (2DD) and PUMP. Gene expression levels were normalized to 
2DD and presented as 2−∆∆Ct (n = 3). (I) Relative gene expression of islet-related markers (PDX1, NGN3, ISL1, NKX6-1, and INS) and the hADSC marker 
(CD73) in hICAs differentiated using AggreWell plates and PUMP. Gene expression levels were normalized to AggreWell plates and presented as 2−∆∆Ct 

 

(n = 3). Statistical analysis was conducted using two-way ANOVA with Bonferroni’s multiple comparisons test (B and C) or two-sided Student’s t-test (F, 
H, and I). Single asterisk (*), double asterisk (**), and triple asterisk (***) indicate statistical significance at p < 0.05, p < 0.01, and p < 0.001, respectively. 
“ns” denotes no statistical significance. Abbreviations: 2DD, two-dimensional differentiation; CD73, 5’-nucleotidase Ecto gene (NT5E); hADSC, human 
adipose-derived mesenchymal stem cell; hICA, human islet β-like cell aggregate; INS, insulin; ISL1, islet 1; NGN3, neurogenin-3; NKX6-1, NK6 homeobox 
1; PAX6, paired box gene 6; PDX1, pancreatic and duodenal homeobox 1; PUMP, polydimethylsiloxane user-defined micropatterning platform. 
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However, given the avascular nature of hydrogels and 
aggregates, nutrient and oxygen diffusion can be a 
significant issue in supporting cell survival and function.27 
Therefore, we bioprinted hICA-embedded porous bioinks 
into a mesh structure (Figure 5A), where the spacing 
between filaments and the micropores within the bioinks 
may be compatible with long-range and short-range 
diffusion, respectively.  

In addition to printability and biocompatibility, 
bioinks used for aggregate bioprinting require careful 
consideration of additional factors, including nozzle 
clogging, aggregate damage during printing, and the need 
for appropriate mechanical properties and mass transfer 
characteristics after printing. In this study, we developed a 
ternary bioink composed of gelatin, alginate, and Matrigel. 
In our previous work, a foundational combination of 3.75% 
gelatin and 1% alginate demonstrated good printability.28,29 
We further introduced Matrigel into the bioinks to mimic 
the extracellular matrix surrounding pancreatic islets30 and 
to enhance the differentiation of pancreatic progenitor 
cells.31 However, within the temperature range of 4–37°C, 
Matrigel accelerates crosslinking as the temperature 
increases, lacking a precise temperature transition point, 
which thereby increases the instability of the printing 
process. 

In our preliminary experiment, diluted Matrigel 
at final concentrations of 0.08% and 0.23% remained 
uncrosslinked, whereas 0.4% Matrigel showed flocculation 
and uneven material distribution (Figure 5B). Thus, we 
adopted a composition of 3.75% gelatin, 1% alginate, 
and 0.23% Matrigel for the final bioink formulation, 
ensuring the highest possible biological content. The 
bioinks exhibited distinct rheological properties during 
the cooling and heating processes (Figure 5C). The 
gelling temperatures during cooling and heating were 
approximately 15 and 25°C, respectively. This indicates 
that the bioinks are printable with rapid solidification 
below 15°C, and that the printed structures remain 
temporarily stable under temperature fluctuations up to 
25°C. Bioinks cooled to 8, 15, and 22°C exhibited shear-
thinning properties, which is beneficial for bioprinting 
aggregates due to their reduced viscosity (Figure 5D). With 
subsequent alginate crosslinking, the bioinks crosslinked 
at 15°C exhibited a long-term shear storage modulus of 
929 Pa and a loss modulus of 259 Pa, values that fall within 
the range of the healthy human pancreas (Figure 5E).32 On 
the other hand, the bioinks crosslinked at 8°C showed a 
higher storage modulus than pancreatic tissue, while those 
at 22°C failed to crosslink. 

Considering the temperature sensitivity of the bioinks 
during bioprinting, we developed a tri-module bioprinting 

strategy that allowed independent control of the printing 
chamber, printing nozzle, and cooling plate temperatures. 
At a chamber temperature of 15°C, the printed bioink 
maintained an intact mesh structure, both with and 
without cell aggregates. At 8°C, the printed bioink was over-
crosslinked, resulting in broken and thinner filaments, 
whereas at 22°C, it was under-crosslinked and failed to 
form stable structures (Figure 5F). Therefore, 15°C was 
selected as the optimal temperature for the chamber. No 
significant change in filament width was observed after 
culturing the structures for 7 days, indicating the long-
term stability of the bioprinted constructs (Figure 5G). 
SEM of the crosslinked bioink revealed a pore size of 49.4 
μm,  sufficient to allow cell migration and promote local 
mass transfer (Figure 5H). By optimizing both the bioink 
formulation and the printing parameters, we achieved 
suitable constructs for aggregate bioprinting, with 
composition and stiffness comparable to those of native 
pancreas tissues. 

When applied to aggregate bioprinting, we initially 
observed heterogeneous aggregate distribution across 
different bioprinted structures (Figure 6A). This is because, 
before the bioink was extruded, its crosslinking status was 
not controlled without a well-defined nozzle temperature. 
As a result, the movement of aggregates was affected. 
Thus, we developed a tri-module bioprinting strategy 
with specific nozzle temperature control, achieving 
homogeneous aggregate distribution and high viability 
among 20 different structures during a single bioprinting 
process (Figure 6A & B).

3.4. Maintenance of islet-related marker expression 
in bioprinted human islet β-like cell aggregates
Based on the optimized ternary bioink composition 
and tri-module bioprinting strategy, we bioprinted the 
hICAs and evaluated their morphology and islet-related 
marker expression (Figure 7A). By day 5, obvious cell 
spreading was observed from hICAs, in contrast to 
the compact aggregates present on day 0 (Figure 7B).  
Immunofluorescence staining showed that hICAs 
remained positive for islet-related markers after 5 days of 
culture within the bioprinted structures, including PDX1, 
PAX6, ISL1, and INS (Figure 7C). 

These findings suggest that our optimized bioinks 
provided a biomimetic extracellular matrix that supported 
the attachment and differentiation of hICA. However, 
the strong matrix–cell interaction also induced the 
disassembly of several aggregates, indicating a lack of 
intercellular signaling necessary to maintain hICA’s 
structural integrity. In this study, hICAs did not include 
endothelial cells, as differentiation was restricted to the 
endocrine β-lineage from hADSCs. This highlights the 
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Figure 5. Rheological and structural characterization of bioinks to improve printability. (A) Schematic illustration of the tri-module thermal control 
strategy for bioprinting, based on the rheological properties of the bioinks. (B) Micro- and macro-scale images (top-right: Matrigel in syringes) of bioinks 
containing different concentrations of Matrigel (scale bar: 200 μm; magnification: 100×). (C) Shear storage modulus (G’) and loss modulus (G”) of bioinks 
measured at 0.1% strain and 1 Hz, during temperature decrease or increase at 2°C/min. (D) Viscosity profiles of bioinks at different temperatures as a 
function of shear rate. (E) Storage and loss moduli (G’ and G”) of bioinks after crosslinking with calcium chloride at 8 and 15°C, measured at 0.1% strain 
and 1 Hz, and compared with those of healthy human pancreatic tissue. (F) Bulk structural images (row 1), microscopic images without cell aggregates 
(row 2), and microscopic images with cell aggregates (row 3) of printed constructs at 8°C (over-crosslinked), 15°C (properly crosslinked), and 22°C (under-
crosslinked) (scale bar: 500 μm; magnification: 40×). (G) Filament diameter changes of printed constructs during 7 days of culture. (H) Scanning electron 
microscopy images showing internal pore morphology of bioinks after proper crosslinking (scale bar: 50 μm; magnification: 500×). Statistical analysis was 
performed using one-way analysis of variance with Bonferroni’s multiple comparisons test. “ns” denotes no statistical significance. Abbreviations: hICA, 
human islet β-like cell aggregate; T, temperature.
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Figure 6. Printing performance of the three-dimensional bioprinting system with dual-module or tri-module thermal control. (A) Aggregate density 
changes in printed structures from the first sample (#1) to the 20th sample (#20) using traditional dual-module or tri-module thermal control, with 
quantitative analysis (scale bar: 1 mm; magnification: 20×). (B) Live/dead staining images of aggregates in all bioprinted structures produced under tri-
module thermal control, with semi-quantitative analysis (scale bar: 500 μm; magnification: 40×). Statistical analysis was performed using one-way analysis 
of variance with Bonferroni’s multiple comparisons test (A) or two-sided Student’s t-test (B). Single asterisk (*) and triple asterisk (***) indicate statistical 
significance at p < 0.05 and p < 0.001, respectively. “ns” denotes no statistical significance.

potential of incorporating multiple cell types to construct 
vascularized islet organoids, thereby promoting the further 
maturation of hICAs.

3.5. Production of vascularized human islet 
organoid by self-assembly of human islet β-like 
cell aggregates and human umbilical vein 
endothelial cells
In vivo, endothelial cells not only form blood vessels,33 but 
also promote the differentiation of progenitor cells into 
endocrine cells and support islet maturation.34 Recent 
studies have also shown that endothelial cells play a crucial 
role in promoting the maturation of pancreatic progenitor 
cells.35–37 Therefore, we bioprinted hICAs with HUVECs to 
further promote the self-assembly of hIOs (Figure 7E). 

Both hICAs and HUVECs exhibited viability exceeding 
90% after printing (Figure 7D). On day 0, the aggregates 

(hICAs) and single cells (HUVECs) were separated from 
each other, as they were homogeneously distributed in the 
bioinks. By day 3, several single cells appeared around the 
aggregates, and by day 5, their number further increased. 
From day 0 to day 5, we observed obvious recruitment of 
single cells to the surface of the aggregates, suggesting self-
assembly driven by intercellular communication through 
paracrine signaling and HUVEC migration (Figure 7D). 

On day 5, immunofluorescence staining further showed 
that HUVECs formed a tight layer encapsulating individual 
hICAs, rather than forming vascular connections among 
aggregates (Figure 7E). The co-culture enhanced the 
structural integrity of hICAs within the printed hydrogel. 
The recruitment of HUVECs to the surface of hICAs 
also mimics the process during pancreatic development, 
in which endothelial cells migrate to endocrine cell 
aggregates.38 The elongated endothelial cell layer structure 
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Figure 7. Formation of functional hIOs using 3D bioprinting-based co-culture and cell self-assembly of hICAs and HUVECs. (A) Schematic illustration 
of 3D bioprinting with hICAs only (left) and 3D bioprinting of hICAs and HUVECs, showing the formation of hIOs (right) under tri-module thermal 
control. Mono-culture of hICAs: (B) Phase-contrast microscopy images and F-actin staining of printed hICAs during 5 days of culture (scale bar: 50 
μm; magnification: 200×). (C) Immunofluorescence images of hICAs in the 3D-bioprinted structure on day 5 showing islet-related proteins (PDX1, 
PAX6, ISL1, and INS) (scale bar: 50 μm; magnification: 200×). Co-culture of hICAs and HUVECs: (D) Live/dead staining and phase-contrast microscopy 
images of hICAs (aggregates) and HUVECs (single cells) during culture. The yellow arrow indicates endothelial cells that migrated from the hydrogel and 
aggregated around hICAs (scale bar: 100 μm; magnification: 200×). (E) 3D projection views of immunofluorescence staining showing the islet marker 
(PDX1) and HUVEC marker (CD31) on day 5. White dashed curves in the front and right views indicate the aggregate boundary (scale bar: 50 μm; 
magnification: 200×). (F) Relative gene expression of islet-related markers (HES1, INS, ISL1, NGN3, NKX6-1, PDX1, and SOX9) in mono-culture (hICAs 
only) and co-culture (hICAs and HUVECs). (G) Relative gene expression of endothelial markers (CD31, CDH5, KDR, NOS3, and VWF) in mono-culture 
and co-culture. Gene expression levels were normalized to mono-culture and presented as 2−∆∆Ct

 

(n = 3). Statistical analysis was performed using the two-
sided Student’s t-test. Single asterisk (*), double asterisk (**), and triple asterisk (***) indicate statistical significance at p < 0.05, p < 0.01, and p < 0.001, 
respectively. “ns” denotes no statistical significance. Abbreviations: 3D, three-dimensional; CD31, platelet and endothelial cell adhesion molecule 1 gene 
(PECAM1); CDH5, cadherin 5; F-actin, filamentous actin; HES1, Hes family BHLH transcription factor 1 gene; hICA, human islet β-like cell aggregate; 
hIO, human islet organoid; HUVEC, human umbilical vein endothelial cell; INS, insulin; ISL1, islet 1; KDR, kinase insert domain receptor; NGN3, 
neurogenin-3; NKX6-1, NK6 homeobox 1; NOS3, nitric oxide synthase 3; PAX6, paired box gene 6; PDX1, pancreatic and duodenal homeobox 1; SOX9, 
SRY-box transcription factor 9; VWF, von Willebrand factor.
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in our hIOs resembled an intermediate stage of development 
between immature and mature islets, when dispersed 
single cells had aggregated, spread, and enveloped the islet 
cells, but were still in the early phase of vascular connection 
and network formation.39–41 These findings indicate that 
vascularized islet tissue containing elongated endothelial 
structures was successfully developed.

We further evaluated the gene expression of islet-
related markers and endothelial markers in the hIOs, 
compared with that of hICAs without HUVECs. The 
gene expression of mature, INS-producing β-cell markers 
(NKX6-1 and INS) was upregulated by 1.7-fold and 1.8-
fold, respectively, with statistical significance in hIOs. 
The gene expression of endocrine progenitor markers 
(HES1 and SOX9) was upregulated by 1.8-fold and 2.8-
fold, respectively, and reached statistical significance. 
Other islet-related markers, including ISL1, NGN3, and 
PDX1, showed increasing trends in co-cultured hIOs 
compared with mono-cultured hICAs, although the 
differences were not significant (Figure 7F). The hIOs 
demonstrated increased functional maturity, which is 
beneficial for rapid INS secretion after transplantation. 
The enhanced expression of endocrine progenitor 
markers demonstrated the developmental fidelity of the 
hIOs, supporting their potential to continuously generate 
islet-like cells after transplantation. The gene expression 
of endothelial markers, including CD31, CDH5, KDR, 
NOS3, and VWF, was upregulated by 17.8-fold, 5.9-fold, 
5.4-fold, 3.0-fold, and 36.7-fold, respectively, in hIOs, all 
with statistical significance, thereby validating the role of 
HUVECs in promoting islet maturation as supporting cells  
(Figure 7G). This finding is consistent with a previous 
report showing that endothelial cells specifically enhance 
the INS gene expression in islet endocrine cells.38

Finally, we performed the GSIS assay to evaluate the 
glucose-responsive insulin secretory function of hIOs 
(Figure 7H). hIOs showed a significant increase in INS 
secretion, rising from 2.12 to 5.97 ng/million cells, with a 
GSIS index of 2.8, whereas mono-cultured hICAs did not 
show a significant response. The comparison between hIOs 
and hICAs highlights the importance of endothelial cells 
in enhancing INS secretion. Although our hIOs exhibited 
lower levels of INS secretion compared with most ESC- or 
iPSC-derived β-cells, the GSIS index was comparable.42–44 
This may be attributed to the differentiation strategy 
and cell purity, as those studies employed more complex 
differentiation processes from pluripotent stem cells, 
where only mature β-cells were sorted for use. Our hIOs 
more closely resembled a complex islet structure in vivo, 
while the INS-producing cells within the hIOs exhibited 
a similar glucose response to those in other studies, 

highlighting the importance of endothelial cells in islet 
functional maturation.

These results indicate that the combination of a 
printed mesh structure with supporting endothelial 
cells, appropriate scaffold stiffness, and porous bioactive 
bioinks established a biomimetic environment that 
facilitates the formation of hIOs in vitro. Using PUMP 
and bioprint-based co-culture, we can produce these 
hIOs at a large scale with reduced costs for both research 
and clinical applications, which represents a significant 
improvement over traditional methods. The use of 
hADSCs and HUVECs also potentially reduces immune 
responses in future transplantation. These hIOs, with a 
defined structure incorporating vascular elements and 
glucose-responsive function, hold potential for studies of 
vascularization, pancreatic development, drug screening, 
and islet transplantation. 

4. Conclusion
In this study, we demonstrated the successful large-scale 
production of functional vascularized hIOs through a 
3D bioprinting-based co-culture and cell self-assembly 
approach. By employing the PUMP system with optimized 
stiffness, we generated uniform hICAs from hADSCs. 
The integration of a tri-module bioprinting process 
with a ternary gelatin–alginate–Matrigel bioink enabled 
the bioprinting of hICAs and HUVECs to form hIOs 
through co-culture and self-assembly. These organoids 
were structurally and functionally similar to human islets, 
exhibiting upregulated expression of endocrine progenitor 
and mature β-cell markers, and demonstrated GSIS. This 
approach provides a scalable and biologically relevant 
novel hIO model, advancing applications in vascularization 
studies, pancreatic development research, drug screening, 
and islet transplantation for diabetes therapy.
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